We report the results of de-Haas-van-Alphen (dHvA) measurements in Cd doped CeCoIn 5 and LaCoIn 5 . Cd doping is known to induce an antiferromagnetic order in the heavy fermion superconductor CeCoIn 5 , whose effect can be reversed with applied pressure. We find a slight but systematic change of the dHvA frequencies with Cd doping in both compounds, reflecting the chemical potential shift due to the addition of holes. The frequencies and effective masses are close to those found in the nominally pure compounds with similar changes apparent in the Ce and La compounds with Cd substitution. We observe no abrupt changes to the Fermi surface in the high field paramagnetic state for x ∼ x c corresponding to the onset of antiferromagnetic ordering at H = 0 in CeCo(In 1−x Cd x ) 5 . Our results rule out f −electron localization as the mechanism for the tuning of the ground state in CeCoIn 5 with Cd doping.
I. INTRODUCTION
A common thread in unconventional superconductivity is that it emerges close to a quantum critical point (QCP). A QCP is the point in a phase diagram where long-range order is suppressed to zero temperature, T = 0, by an external parameter other than T so that quantum, rather than thermal fluctuations drive the transition 1 . One way to rationalize the QCP in heavy fermion metals is the phase diagram proposed by Doniach ) equals the RKKY scale ∼ (Jg(ε F )
2 ). The quantum-critical spin-fluctuations associated with the suppression of antiferromagnetic order are likely involved in the pairing mechanism for unconventional superconductivity 3, 4 . This picture has been considered as an explanation for a broad range of superconductors, including high-T c cuprates 5 , heavy fermion metals [6] [7] [8] [9] , cobaltates 10 , as well as the recently discovered iron-pnictides 11 . However, there are also important exceptions where unconventional superconductivity is observed and no competing magnetic order is found, such as in the cases of UBe 13 7 and Sr 2 RuO 4 12 . There is also the possibility of valence, rather than spin, fluctuation mediated superconductivity as suggested for CeCu 2 Si 2 under pressure 6 .
Many studies have used doping as a tuning parameter between superconducting and antiferromagnetic ground states in a broad range of strongly correlated electron systems hosting a QCP 10, 11, 13, 14 . The heavy fermion metals in particular are very susceptible to chemical substitution. In these compounds the Kondo coupling between a lattice of local moments and the conduction band creates quasi-particle excitations with large effective masses, and the dopants disrupt the coherent Kondo coupling. Such studies have been essential in assessing the percolative nature in which the coherence in the Kondo lattice emerges -see for example the La-dilution study of CeCoIn 5 15 -as well as its sensitivity to disorder 16 . But doping can also tune the ground state by changing the carrier concentration as is remarkably illustrated in the high-T c cuprates 5 . One important aspect of doping the CuO 2 layers in the high-T c cuprates is the apparent electron-hole symmetry: the phase diagrams are qualitatively similar whether the carriers introduced are electron-like or hole-like. One can then focus on a universal phase diagram as a function of the carrier concentration, without having to investigate the local effects associated with each particular dopant. This symmetry is not found in CeCoIn 5 and so it is not possible to define a universal phase diagram with doping as we demonstrate below.
CeCoIn 5 is a heavy fermion superconductor 8 where Cooper pairs are formed out of a nonFermi Liquid metallic state. The divergence observed in the electronic specific heat, as well as the non-quadratic T -dependence of the resistivity found even at very low temperatures, suggest the presence of a QCP when superconductivity is suppressed by a magnetic field 17, 18 .
The nature of the QCP has been the subject of much speculation, but it seems likely to be an antiferromagnetic QCP. Hall effect measurements under pressure have shown that the QCP is located not exactly at the upper critical field H c2 but at a slightly lower field 19 . Inelastic neutron scattering 20 and NMR measurements 21 doping dependence in comparison to their La-analogs. This is also supported by the lack of a systematic variation of either the effective Curie moment or the Weiss temperature with
Cd substitution (Fig. 1b) as determined from the magnetic susceptibility. However, these data do not preclude a possible valence fluctuation scenario at low T . 
III. THE PHASE DIAGRAM
The doping dependent phase diagram of CeCo(In 1−x Cd x ) 5 is shown in Fig. 2a together with the resistivity and the magnetic susceptibility in Fig. 2b and 2c . The superconducting critical temperature T c and the Neel temperature T N are determined from the sharp drop and the peak in the magnetic susceptibility, respectively (see Fig. 2c ). These are consistent with the transitions seen in the resistivity at H = 0 (see Fig. 2b ). Fig. 2a The overall phase diagram as a function of Cd doping obtained by us is consistent with a previous report 25 , and in particular with a finite range of coexistence for both the superconducting and AFM phases. While the samples with x = 7.5% systematically show both superconducting and AFM transitions, traces of superconductivity are also observed for x = 10%, as seen in Fig. 2c , although this is highly sample dependent. The superconducting transition is also observed in the H = 0 resistivity (see Fig. 2b ) for our x = 10 and 15%
crystals. This suggests that the doping may be somewhat inhomogeneous within a given single crystal. Nevertheless, a microscopic coexistence of both orders has been claimed based on neutron scattering and NMR measurements 27, 28 . The evolution of transition temperatures T c and T N with Cd doping remains quite systematic (see Fig. 2a ) with only a small variation observed within a given batch. Superconductivity coexisting with a commensurate AFM order appears to be a generic feature of doped CeCoIn 5 since it was also observed with Rh substitution 31,36 for x Rh < 0.6.
The Kondo coherence temperature T coh in CeCo(In 1−x Cd x ) 5 , as determined from the maximum in the resistivity as a function of temperature (see Fig. 2b ), is displayed in Fig. 2a .
The Cd doping tends to suppress T coh , a trend which is the opposite to the effect of Sn doping 35 which is included in Fig. 2a 
IV. THE FERMI SURFACE
To investigate the changes to the Fermi surface with Cd substitution that coincide with the variations noted above, we have systematically measured the dHvA oscillations as a function of x, T , and the magnitude and direction of H. Figure 3 fig. 6 . This comparison of the dHvA frequencies for these two systems demonstrates that the substantial differences, which were independently observed by two groups 41, 42 , are real and beyond experimental uncertainty. The conclusion is that in CeCoIn 5 the dHvA frequencies correspond to a "large"
Fermi Surface which includes a contribution from itinerant f −electrons, whereas in CeRhIn 5 the dHvA frequencies correspond to a "small" Fermi Surface expected in the case of well localized f-electrons..
In Fig. 6 we observe that the dHvA frequencies of CeCo(In 1−x Cd x ) 5 remain very close to those of the pure CeCoIn 5 with no abrupt change to F 3 at the critical concentration,
x c = 7.5%. In fact, the rate at which the The second important finding is that the evolution of dHvA frequencies with Cd doping is opposite for the electron and the hole Fermi Surface sheets in LaCo(In 1−x Cd x ) 5 (Fig. 6 ). In Figure 7 shows the dHvA amplitudes as a function of temperature for the F 3 and F 4 orbits in CeCo(In 1−x Cd x ) 5 . As the temperature is increased, the Landau levels are broadened, and the dHvA oscillations suppressed. This suppression is well described by the Lifshitz-Kosevich (LK) formula 33 :
V. THE EFFECTIVE MASS AND THE MEAN FREE PATH
,
, where A is the dHvA amplitude, A 0 the T = 0 amplitude, m * the effective mass, m e the bare electron mass, and α = The most striking result of this analysis is the absence of mass enhancement at the critical concentration x c = 7.5%, at odds with the presence of an AFM quantum critical point in the phase diagram. Given the contrasting effect of pressure and Cd doping in this system, and given that pressure is known to suppress m * in pure CeCoIn 5 48 , one would naively expect Cd to enhance m * . Similar to our results, no mass enhancement is observed via dHvA measurements in Rh doped CeCoIn 5 46 , in which no change in the Fermi surface is observed at the onset of AFM order. The absence of mass enhancement with Cd doping may be simply due to the high magnetic fields used for detecting dHvA oscillations and known to be detrimental to m * . We also cannot exclude a mass enhancement for fields applied in-plane, The stronger suppression of superconductivity with Cd may be the consequence of in-plane impurity scattering.
However, there are several aspects of Cd doped CeCoIn 5 that remain poorly understood.
It is well known that pressure applied to CeCo(In 1−x Cd x ) 5 causes a return to paramagnetism and an increase of the superconducting critical temperature so that pressure appears to reverse the most obvious consequences of Cd doping 25 . given that each unit cell has 5x holes, the density of added holes is:
5x vu ≈ 3.1x × 10 22 cm −3 .
For nominal x = 0.1 we expect the actual Cd concentration to be x ∼ 0.03, so we should have δn ≈ 9 × 10 20 cm −3 . In other words, the change in the electron Fermi surface volume
